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The introduction of the strongly electron-withdrawing trifluoromethyl group into organic molecules can significantly alter their properties, such as lipophilicity, metabolic stability, and bioavailability, that impact the use of these molecules as pharmaceuticals and agrochemicals (1) (2) (3) . Additionally, trifluoromethylated organic compounds find applications as materials such as liquid crystals (2) . Despite the importance of this substituent, no general catalytic method exists for the introduction of the CF 3 group onto functionalized aromatic intermediates (4) .
Structurally simple benzotrifluorides are accessible by radical chlorination of toluene derivatives and subsequent chlorine-fluorine exchange under harsh conditions (5) . The replacement of an aromatic halide by a CF 3 group via copper-mediated coupling proceeds under milder reaction conditions, but is mainly limited to aryl iodides (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . A catalytic version of this process was recently reported, but only aryl iodides with electronwithdrawing substituents and some heterocycles are good substrates (17) .
A palladium-catalyzed trifluoromethylation of aryl halides (Fig. 1) has the potential to overcome these limitations: The use of a trifluoromethyl source as transmetalating agent obviates the need for harsh reaction conditions that are required to replace individual substituents on benzylic carbon atoms with fluorine. Additionally, since many known ligands promote oxidative addition even into unactivated aryl chlorides at low temperatures, a wide substrate scope is possible.
Mainly due to the high activation barrier for reductive elimination, the development of such a process has so far been unsuccessful. Several complexes 4 with bidentate ligands yield either no (18, 19) or only trace amounts (20) of the benzotrifluoride products 5 even after prolonged heating at 130 °C. The chelating biphosphine ligands dppe and dppp promote the reductive elimination of 4 only at 145 °C to give PhCF 3 in 10-60% yield after 64 h (19) . On the other hand, the feasibility of fast Ar-CF 3 bond formation from a Pd(II) complex under mild conditions was demonstrated by Grushin through quantitative conversion of the complex [XantphosPd(Ph)(CF 3 )] to PhCF 3 upon heating to 80 °C within 3 h (21). However, the replacement of the Xantphos ligand in 3 with trifluoromethyl ions competes with transmetalation to 4, and consequently, no catalytic system with this system was reported (21, 22) .
Complexes 4 are typically prepared from complexes 3, where X = Br or I, by treatment with TMSCF 3 (TMS is trimethylsilyl) and a fluoride source such as CsF, thereby utilizing the formation of a silicon-fluorine bond as driving force (18) (19) (20) . The challenge of using trifluoromethylsilanes in the presence of fluoride originates in the fluoride-initiated selfdecomposition of R 3 SiCF 3 to give R 3 SiF and difluorocarbene (23) . In a catalytic setting, where elevated temperatures are presumably required to promote reductive elimination from 4 to 5, transmetalation must be significantly faster than this process.
The oxidation of Pd(II)-CF 3 complexes with a F + reagent provides Pd(IV) complexes which readily reductively eliminate benzotrifluorides (20) . The catalytic trifluoromethylation of arenes via C-H activation, oxidation of the Pd(II) intermediate with an electrophilic CF 3 + source, and final reductive elimination has recently been reported, but is limited to substrates with specific directing groups (24) .
Herein, we report the development of a palladium-catalyzed procedure to transform aryl chlorides into their trifluoromethylated analogs using TESCF 3 (TES is triethylsilyl) and KF. High functional group tolerance under relatively mild conditions is exhibited, and a wide range of substrates, including heteroaryl ones, can be efficiently converted to the desired products. Mechanistic studies suggest that the reaction proceeds via a classical Pd(0)-Pd(II) catalytic cycle as shown in Fig. 1 .
Ligand 6 (BrettPhos) ( Fig. 2A) has successfully been employed in challenging amination and fluorination cross-coupling reactions (25, 26) . We prepared the oxidative-addition complex 8 and examined numerous trifluoromethyl sources to identify conditions under which both transmetalation and reductive elimination would proceed (Table S1 ) (27) . Although most reagents failed to give product, the mixture of TESCF 3 and CsF in THF at 60°C provided 9 in a promising yield of 28% (Fig. 2B ). This result confirmed that 6 indeed does promote reductive elimination to form Ar-CF 3 bonds, and provided a starting point for the development of a catalytic procedure.
With 3 mol% [(allyl)PdCl] 2 and 12 mol% of ligand 6, benzotrifluoride 9 was formed in 7% yield from aryl chloride 10 with TESCF 3 and CsF at 110 °C. We next investigated several combinations of TMSCF 3 or TESCF 3 with simple fluoride salts and found that the highest yield was obtained using TESCF 3 with KF, demonstrating that the catalytic formation of 9 from 10 is possible with these transmetalating agents (Fig. 2C) . Full conversion of 10 was achieved by switching the solvent to dioxane and performing the reaction at 120 °C, providing 9 in 80% yield.
We studied the performance of other ligands under these conditions and found that 6 was the best ligand for this transformation (Table S2) . Most other monodentate biaryl phosphine ligands gave lower, but still observable amounts between 5% and 20% of product 9. No reaction occurred, however, using Xantphos.
The palladium-catalyzed process expands the scope to aryl chlorides, and exhibits compatibility with a wide range of functional groups (Fig. 3) . Both electron-poor and electron-rich aryl chlorides are suitable substrates and provide the trifluoromethylated products in good yields. More importantly, heteroaromatic substrates such as indoles, carbazoles, quinolines, and benzofuranes can be efficiently transformed into their trifluoromethylated analogs. When using ligand 6, we found that ortho-substituted substrates gave the corresponding products only in low yields. Switching to the less bulky ligand RuPhos (7) ( Fig. 2A) (28) provided the desired ortho-substituted products 11r-v in excellent yields. Scale-up proved to be straightforward; products 11j and 11b were prepared on a 2 and 5 mmol scale, respectively, in the same yields as those reported for the 1 mmol scale reactions.
Esters, acetals, amides, nitriles, ethers, dialkylamines, and a number of heteroaromatic substituents are tolerated. However, substrates bearing aldehydes or ketones are not suitable. Furthermore, substrates cannot contain unprotected OH or NH groups, presumably because of protonation of the CF 3 anion to form fluoroform, reaction at the silicon center of TESCF 3 , and/or competing coordination to the palladium center.
To gain insight into the reaction mechanism, we prepared the presumptive Pd-CF 3 intermediates 13 and studied their reductive elimination to yield benzotrifluoride products. Treatment of complexes 12 with TESCF 3 /CsF at room temperature in THF allowed the isolation of [6•Pd(Ar)(CF 3 )] complexes 13 (Fig. 4A) . The compounds exhibit a characteristic quartet in the 31 P-NMR (Nuclear Magnetic Resonance) spectrum and a doublet in the 19 F-NMR spectrum with a coupling constant of about 45 Hz. The Pd atom in the crystal structures of 13a (Fig. S1) and 13b (Fig. 4B) is coordinated by the upper ring methoxy group of the ligand 6 and not by the ipso carbon atom of the lower aromatic ring.
We studied the reductive elimination of complexes 13 in dioxane at 80 °C via 19 F-NMR and found first-order decay to give benzotrifluorides 14 in nearly quantitative yield. The rate constants for both the decomposition of 13a and 13b are almost identical (Fig. 4A, Fig. S2,  Fig S4) . This surprising result is paralleled by DFT calculations that predict an activation energy of ca. 22 kcal mol −1 for both complexes (29)(30). In comparison to the ground states, the calculated Pd-CF 3 distance in the transition states is significantly elongated, whereas the distance between the Pd atom and the aryl ring remains essentially unchanged, suggesting that the main contribution to the activation energy is the breaking of the strong Pd-CF 3 bond. Since the strength of this bond is only minimally influenced by the substituent on the aryl ring, similar rate constants are observed.
When complex 13a was heated in the presence of excess methyl 4-chlorobenzoate, the oxidative-addition complex 12a was formed in addition to product 14a, thus closing the catalytic cycle. The yield and rate of benzotrifluoride formation were identical in the presence or absence of aryl chloride (Fig S3) , which implies that reductive elimination affords a Pd(0) species that then undergoes oxidative addition to form 12a. Therefore, we believe that these reactions proceed via a classical Pd(0)/Pd(II) catalytic cycle as proposed in Fig. 1 .
In preliminary experiments, we have demonstrated that this process is applicable, in somewhat lower yields, to aryl bromides and aryl triflates. We are currently seeking to develop a better understanding of the overall reaction mechanism as well as to render this process more generally useful and practical. We hope to accomplish this by broadening its substrate scope, lowering the quantity of catalyst necessary, developing milder reaction conditions, and through the utilization of less expensive and more environmentally friendly trifluoromethylating agents.
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